ABSTRACT
INTRODUCTION
Otoacoustic emissions (OAEs) provide a means to noninvasively assay the influence of the medialolivocochlear reflex (MOCR) on cochlear processing. Activation of the MOCR reduces OAE amplitude (e.g., Moulin et al. 1993; Collet 1993; Berlin et al. 1994) , decreases the latencies of transient-evoked (TE) OAEs (Giraud et al. 1996; Francis and Guinan 2010; Mishra and Dinger 2016) and shifts the frequencies of distortion product (DP; Henin et al. 2011) and spontaneous (S) OAEs (Mott et al. 1989; Zhao and Dhar 2010) . Both the reduction in OAE amplitudes and phase-related changes (whether in terms latency or frequency shifts) are consistent with input from the MOC bundle to the cochlear outer hair cells reducing cochlear amplification and tuning (Murugasu and Russell 1996; see Cooper and Guinan 2006 for review) .
Although OAEs provide a convenient means to evaluate the MOCR, MOCR-induced changes to OAEs are small. Reported magnitude and latency changes are approximately 25 % and 5 %, respectively (e.g., Francis and Guinan 2010; Mishra and Dinger 2016). Statistical techniques such as bootstrapping are necessary to determine the significance of changes, especially when the goal is to detect the response in individual subjects (Backus and Guinan 2007; Goodman et al. 2013; Marshall et al. 2014; Mertes and Goodman 2016) . Additionally, the measurement paradigm must be carefully constructed to control for potentially confounding factors such as activation of the middle-ear muscle reflex (MEMR) .
Assuming that the experiment design is robust to changes in middle-ear impedance, detection of MOCinduced changes to the OAE requires a signal-to-noise ratio (SNR) of at least 6 dB (e.g., Mishra and Lutman 2013). Moreover, the SNR required to detect a response increases as the size of the response decreases (Goodman et al. 2013) . Increasing the number of averages and/or the evoking-stimulus level can increase OAE SNR. In research protocols investigating MOC effects in normal-hearing adults, increasing the number of averages is often feasible despite the associated increase in test time. However, in clinical applications, increasing the test time is not always practical-especially among difficult-to-test populations. In such cases, increasing the OAEevoking stimulus level is not a desirable means to increase OAE SNR, as higher stimulus levels may activate the MEMR .
TEOAEs in frequency bands with SOAEs are potentially well suited for evaluating the auditory efferent system's influence on cochlear processing and/or the integrity of the efferent pathways. One class of SOAEs particularly relevant to TEOAEs is synchronized spontaneous (SS) OAEs. SSOAEs present as slow-decaying components of the TEOAE, which, in some cases, persist for hundreds of milliseconds post-presentation of the click (Sisto et al. 2001; Jedrzejczak et al. 2008; Keefe 2012) . Like SOAEs, SSOAEs may arise through repeated intra-cochlear reflections, stemming from an impedance mismatch between the oval window and characteristic frequency place (Shera 2004) . Near frequencies of SSOAEs, the TEOAE spectrum exhibits magnitude peaks and high SNRs (Kulawiec and Orlando 1995) . SSOAEs are prevalent in normal-hearing ears from both males and females; although, prevalence is higher in females (Sisto et al. 2001; Jedrzejczak et al. 2008) , like SOAEs (Talmadge et al. 1993; Penner and Zhang 1997) . The high SNR of TEOAEs associated with SSOAEs may facilitate detection of small MOCR effects.
SOAEs (including SSOAEs) are traditionally viewed as a potential confound in OAE-based assays of the MOCR. In stimulus-frequency (SF) OAE paradigms, it is common for investigators to avoid the use of stimulus frequencies within 30-100 Hz of an SOAE due to potential interactions between the SOAE and SFOAE (as well as the stimulus; Burns et al. 1984; Backus and Guinan 2007; Lilaonitkul and Guinan 2009; Francis and Guinan 2010) . Several studies cite the potential for SSOAEs to complicate interpretation of MOC-induced changes to TEOAEs (Marshall et al. 2014; Mertes and Goodman 2016; Mishra and Dinger 2016) . It is not clear as to why SSOAEs may be problematic in TEOAE-based assays of the MOCR. However, one may speculate based on how SSOAEs affect TEOAE latency. When the amount of time between adjacent stimulus presentations is shorter than the decay time of the SSOAE, the SSOAE contaminates the early-time portion of the adjacent recording and may shift the TEOAE latency estimate to shorter values (Jedrzejczak et al. 2008; Keefe 2012) . Upon activation of the MOCR, SSOAE amplitude is reduced (Meric and Collet 1994) , as is the amount of SSOAE energy contaminating the early time portion of the adjacent recording. The reduction in SSOAE energy within the early-time portion of the recording upon MOCR activation may result in slightly longer latencies, compared to the condition where the MOCR is not active. Longer latencies during MOCR activation would suggest a sharpening of tuning. At least one study excluded frequency bands with SSOAEs in their analysis of the efferent influence on TEOAE latency (Mishra and Dinger 2016).
Findings from Marshall et al. (2014) and Mertes and Goodman (2016) suggest that SSOAEs are not problematic in TEOAE-based assays of the MOCR, at least for applications that do not rely on latency measures. Marshall et al. (2014) reported no significant difference in the strength of the MOCR between frequency bands with and without SSOAEs. Mertes and Goodman (2016) observed that the presence of SSOAEs neither prevented detection of statistically significant MOCR effects nor increased the variability of MOC effects within or across measurement sessions. Whereas the work by Marshall et al. (2014) and Mertes and Goodman (2016) address concerns regarding SSOAEs in TEOAE-based MOC assays, the current work aims to identify an advantage associated with SSOAEs. It was hypothesized that smaller MOC effects are detectable when SSOAEs are present, due to higher TEOAE SNRs. The ability to detect small MOC-induced changes to the TEOAE is expected to be useful when investigating the influence of attentional, maturational and disease processes on efferentmodulation of cochlear sensitivity.
METHODS

Subjects
Twenty-five adult females (18-39 years) participated in the study. Only females were recruited as the prevalence of SOAEs is higher in females. All subjects had air-conduction, pure-tone behavioral thresholds at or below 20 dB HL at the octave frequencies between 0.25 and 8 kHz, type-A 226-Hz tympanograms (compensated static admittance between 0.5 and 2.1 mmho, tympanometric peak pressure within ± 100 daPa) and present ipsilateral (both right and left) MEMR in response to whitenoise at a fixed level of 80 dB HL. The type-A tympanograms and present MEMRs served to ruleout middle-ear pathology. Data collection was completed over the course of a single 2-h visit. To equate visual attention across subjects, all subjects watched closed-captioned movies during data collection. Subjects were compensated for their participation. The Institutional Review Board at the University of Tennessee-Knoxville approved all testing.
Signal Presentation and Data Acquisition
MATLAB (The Mathworks, Inc.) was used to generate stimuli at a sample rate of 48 kHz. An RME Babyface 24-bit sound card converted the analog signals to their digital equivalent. A Rane HC6S Headphone Console amplified the stimuli. Transient stimuli to evoke the OAE were routed through one channel of a pair of Etymotic ER2 headphones connected to an ER10B+ probe-microphone system. An Etymotic ER10D impedance tip coupled the ER10B+ probe to the subject's ear. Broadband noise was routed through the second channel of the ER2 headphones, which was coupled to the contralateral ear. The ER10B+ probe microphone system recorded and amplified (20 dB gain) the ipsilateral ear-canal sound pressure before directing it to the sound card. Recordings were stored for offline analysis. The MATLAB-based software ARLas (provided by Dr. Shawn S. Goodman at the University of Iowa) controlled stimulus presentation and data acquisition. OAE measurements were performed in a soundattenuating booth with the subject seated in a recliner.
A band-limited click shaped to have a flat magnitude spectrum from 0.25-12 kHz evoked the OAEs. The following steps were used to create the stimulus: (1) The fast Fourier transform (FFT) converted the impulse response of an IEC711 ear simulator to the frequency domain. (2) The reciprocal of the impulseresponse's normalized magnitude was calculated. (3) Magnitudes above 12 kHz and below 0.25 kHz were specified as 0. (4) A phase vector was created with 0 phase at all frequencies. (5) The magnitude and phase data were converted to the time-domain via the inverse fast Fourier transform (IFFT). (6) A 3-ms Blackman window truncated the time-domain response to yield the evoking stimulus. The level of the stimulus was 58 dB peak SPL (pSPL; as generated in the IEC711 coupler); the presentation rate was 6.3 stimuli/s (inter-stimulus interval of 159 ms). Stimuli were presented using a linear paradigm and directed to the subject's right ear concurrent with either silence or continuous broadband-noise directed to the left ear [50 dB SPL (root mean square; RMS) in an IEC711 simulator]. The spectrum of the noise matched that of the band-limited click. Quiet and noise conditions alternated every 15 s. A total of 4224 stimuli were presented across the two conditions (2112 for the quiet condition, 2112 for the noise condition).
Analysis
Detection of the MEMR. The contralateral noise may inadvertently activate the MEMR. If activated, the MEMR, as opposed to the MOCR, may underlie changes in the OAE between Quiet and Noise conditions. To determine if the MEMR was activated during the Noise condition, in situ stimulus levels measured for the Quiet condition were compared to those measured for the Noise condition. Stimulus levels are predicted to be different between conditions when the MEMR is activated, due to a change in the impedance of the middle ear and, as a byproduct, the amount of sound power reflected at the plane of the tympanic membrane. After low-pass filtering (1.5-kHz cutoff frequency; 256 order), earcanal sound-pressure recordings from the Quiet and Noise conditions were combined into a single data set. Resampling with replacement was then performed to create two subsets of the combined data, each of which was composed of approximately 2000 waveforms. Within each data subset, the mean waveform was calculated, from which the stimulus level was determined as the RMS level across the 3-ms stimulus duration. The difference in stimulus levels between the resampled subsets was then calculated. This process was repeated 10,000 times to estimate the 99 % confidence intervals for the difference in stimulus levels between resampled data subsets. The null hypothesis was that stimulus levels between the Quiet and Noise conditions were equal (Goodman et al. 2013) . The mean measured difference between stimulus levels was compared to the bootstrapped confidence intervals. Activation of the MEMR was suspected if the mean measured difference fell outside of the confidence interval. Detection of MOC-Induced Changes to the OAE. Ear-canal sound-pressure recordings were mapped to a time vector with time = 0 ms occurring at the peak amplitude of the evoking stimulus. Stimulus onset occurred at − 1.5 ms and offset occurred at + 1.5 ms. The portion of the ear-canal recordings extending from − 1.5 to + 3.5 ms was discarded to eliminate stimulus energy. The rising phase of a Hann function onset windowed the subsequent 1 ms of the retained recordings. Measurements made in an IEC711 ear simulator confirmed that the windowing procedure effectively removed stimulus energy from the recordings. Specifically, the SNR of the IEC711 recordings between 3.5 and 20-ms post-stimulus (re: stimulus peak amplitude) was calculated for 1/3-octave frequency bands with center frequencies ranging from 0.75-4.76 kHz. As discussed below, an SNR of at least 6 dB within 20-ms post-stimulus was required to classify a TEOAE as present. The SNR measured in the IEC711 ear simulator consistently fell below 6 dB across all frequency bands. Thus, any residual stimulus energy was insufficient to be mistakenly identified as TEOAE energy.
Recordings were high-pass filtered (low-frequency cutoff = 500 Hz; order = 512). An artifact rejection algorithm (based on both the RMS level and crestfactor of the ear-canal recording) identified and removed recordings contaminated by high-level noise. For each condition (Noise and Quiet), retained recordings were divided into odd-numbered and even-numbered recordings. The signal (which may contain emission energy) was estimated by synchronously averaging and then summing the odd-and even-numbered waveforms. The noise was estimated by synchronously averaging and then subtracting the odd-and even-numbered waveforms.
For each subject, the time-domain signal measured in Quiet was analyzed for the presence/absence of TEOAE and SSOAE energy in nine frequency bands (1/3-octave wide; center frequencies from 0.75-4.76 kHz). First, the signal and noise recordings were constrained to a time window spanning 3.5-20 ms relative to the peak amplitude of the evoking stimulus. Emission energy within this time window was attributed to the TEOAE. A 1024-point FFT converted the time-domain signal and noise to their frequencydomain equivalents (waveforms were zero-padded by 232 samples). Within each frequency band, the RMS pressure levels of the signal and noise were calculated and compared. A TEOAE was classified as present if the SNR within the frequency band was at least + 6 dB. A similar analysis was used to identify the presence/ absence of SSOAE energy within each frequency band; however, the time window spanned 20-40-ms re: peak amplitude of the stimulus. This window was expected to remove the fast-decaying TEOAE energy, leaving only the slow-decaying SSOAE energy. An SSOAE was defined as present if the SNR in the frequency band was at least + 6 dB.
Two metrics were used to quantify the effect of the MOCR on the TEOAE. For the first metric, the complex difference between frequency domain representations of the TEOAE measured in Quiet (P Q ) and Noise (P N ) was calculated,
where f indicates the FFT frequency bin. The RMS value of | P| was then calculated across each of the previously defined 1/3-octave frequency bands,
where f L and f H are the lower-and upper-frequency limits, respectively, of the frequency band with centerfrequency f C , and F was the number of frequency bins spanning the upper-and lower-frequency limits. P MOCT describes the total MOCR-induced change to the emission as it captures changes in both magnitude and phase (the BT^in the subscript BMOCTî ndicates Btotal^).
The second metric was sensitive only to magnitude differences between the emissions measured in Quiet and Noise. The magnitude difference between P Q and P N , Δ|P|, was first calculated by
The RMS level of |P| was then calculated across the different frequency bands,
P MOCM describes the magnitude change to the emission stemming from the MOCR (the BM^in the subscript BMOCM^indicates Bmagnitude^). P MOCM is insensitive to phase changes.
P MOCT and P MOCM are equal when activation of the MOCR induces a change only in TEOAE magnitude. However, when only the phase of the TEOAE or both the phase and magnitude of the TEOAE are changed, P MOCT exceeds P MOCM (Henin et al. 2011; Mertes and Goodman 2016; Mishra and Dinger 2016) . Figure 1 illustrates an MOC-induced change in TEOAE phase. The top panel shows the TEOAE waveform within the initial 20-ms post-stimulus; the bottom panel restricts the time window to the peakamplitude region of the OAE to facilitate visualization of phase changes.
For each subject, bootstrapping was used to determine the 99 % confidence intervals (0.5-99.5 %) of P MOCT and P MOCM . Like the MEMR analysis, waveforms from the Quiet and Noise conditions were combined into a single data set. Resampling with replacement was performed to create two data subsets, from which P MOCT and P MOCM were then calculated. This process was repeated 10,000 times to estimate the 99 % confidence intervals. The null hypothesis was that the TEOAEs in the Quiet and Noise conditions were measured under the same cochlear state, i.e., the MOCR was not activated. The measured P MOCT and P MOCM were statistically significant when they exceeded the upper 99.5 % of the bootstrapped samples. The upper 99.5 % of the bootstrapped samples is hereafter referred to as δ 99.5% .
RESULTS
Across subjects, the mean signed and unsigned differences in stimulus levels between Quiet and Noise conditions were 0.013 dB (range − 0.58 to 0.54 dB) and 0.17 dB (range 0.003 to 0.58 dB). The average 99 % CI describing the expected difference in Quiet and Noise stimulus levels under the null hypothesis that the contralateral noise did not active the MEMR was [− 0.51, 0.51] dB. Activation of the MEMR by the contralateral noise was indicated for a single subject. The mean difference in stimulus levels between Quiet and Noise conditions for the subject was 0.19 dB (99 % bootstrapped CI: [− 0.13, 0.13] ). This subject's data were not further analyzed; thus, the results detailed below rely on data from 24 subjects.
Influence of SSOAEs on TEOAE Magnitude and SNR
Every subject had a least one frequency band where an SSOAE was present. Table 1 provides the number of subjects in each frequency band that had present TEOAEs and absent SSOAEs (1st and 2nd columns). Table 2 provides the number of subjects in each frequency band that had present TEOAEs and SSOAEs. Note that subjects were classified based on SSOAE status on a frequency band by frequency band case. Across the different frequency bands, TEOAEs accompanied by SSOAEs (117 instances) were more common than TEOAEs in the absence of SSOAEs (59 instances). The 1.19-and 1.5-kHz frequency bands exhibited the highest number of subjects with both TEOAEs and SSOAEs, and the lowest number of subjects with TEOAEs alone. Figure 2a shows TEOAE magnitudes in instances where SSOAEs were present and absent, for each frequency band. The overlaid lines indicate median magnitudes. TEOAE magnitudes were often higher when SSOAEs were present. Across frequency, the median TEOAE magnitude when accompanied by an SSOAE was − 2.4 dB SPL (95 % CI: [− 13.5, 11.2]), compared to − 10.6 dB SPL (95 % CI: [− 17.9, 1.2]) for TEOAEs in the absence of SSOAEs. Figure 2b shows SNRs for TEOAEs in the presence and absence of SSOAEs. Across frequency, the median SNR of TEOAEs accompanied by SSOAEs was 19.3 dB (95 % CI: [9.2, 30.2]), compared to 10.8 dB (95 % CI: [6.2, 23.3] ) for TEOAEs in the absence of SSOAEs. TEOAE magnitude and SNR were correlated-higher magnitudes predicted higher SNRs (pairwise linear correlation coefficients of 0.79 and 0.64 for TEOAEs with and without SSOAEs, respectively).
MOC Effects in Frequency Bands With and Without SSOAEs
In frequency bands lacking SSOAEs, statistically significant MOC-induced changes to the TEOAE were less common than in frequency bands with SSOAEs (columns 3 and 4 in Tables 1 and 2 ). P MOCT was statistically significant in 28.9 % of all occurrences where a TEOAE was measured in the absence of an SSOAE, compared to 81.2 % of occurrences where a TEOAE was accompanied by an SSOAE. The prevalence of statistically significant MOC effects decreased when phase information was discarded from the MOC metric: statistically significant values of P MOCM were detected in 16.9 % of cases where an SSOAE was not P MOCM /δ 99.5% ), the median values were 3.6 dB and 1.5 dB for TEOAEs with and without SSOAEs, respectively. Table 1 The prevalence of TEOAEs and statistically significant MOCR metrics when SSOAEs were absent. Column 2 (Bpresent TEOAE^) shows the number of subjects (N) for each frequency band that had present TEOAEs (an SNR ≥ 6 dB). Column 3 (Bpresent TEOAE and significant P MOCT ) and column 4 (Bpresent TEOAE and significant P MOCM ) show the number and percentage of subjects with TEOAEs (Bn^and B% of N^, respectively) that also had statistically significant MOCR effects Table 2 The prevalence of TEOAES and statistically significant MOCR metrics when SSOAEs were present. Column 2 (Bpresent TEOAE^) shows the number of subjects (N) for each frequency band that had present TEOAEs (an SNR ≥ 6 dB). Column 3 (Bpresent TEOAE and significant P MOCT ) and column 4 (Bpresent TEOAE and significant P MOCM ) show the number and percentage of subjects with TEOAEs (Bn^and B% of N^, respectively) that also had statistically significant MOCR effects
Present SSOAEs
Center frequency (kHz) Present TEOAE Present TEOAE and significant P MOCT Present TEOAE and significant Dependence of Minimum Detectable MOCR% on TEOAE SNR Figure 6 shows the minimum detectable MOCR T % as a function of TEOAE SNR for frequency bands with and without SSOAEs. The minimum detectable MOCR T % was calculated as δ 99.5% divided by TEOAE magnitude (in μPa). Regardless of SSOAE status, higher SNRs permit detection of smaller MOCR T %. Because of the higher SNRs for a subset of the data with present SSOAEs, smaller MOC-induced changes to the TEOAE can, theoretically, be detected. For instance, the minimum detectable MOCR T % in frequency bands lacking SSOAEs is approximately 12 % (at a SNR of 25 dB), compared to 6 % in frequency bands with SSOAEs (at a SNR of 34 dB). Overlaid on the plot is a 1st-order exponential fit of the form y = ae bx , where y is the minimum detectable MOCR T %, x is TEOAE SNR (dB), and [a,b] are model coefficients. SSOAE status was ignored and data were combined into a single data set for the fit. Coefficient values and their 95 % CIs are provided in the plot. The model accounted for approximately 84 % of the variance. Although not shown, the minimum-detectable MOCR M % was similarly dependent on TEOAE SNR.
Given the dependence of the minimum-detectable MOCR% on TEOAE SNR, analysis was performed to determine if the TEOAEs lacking statistically significant MOCR effects had lower SNRs, compared to TEOAEs that did show statistically significant MOCR effects. If this were the case, a larger MOCR T % would have been required for detection among the former group. Figure 7 shows MOCR T % for statistically significant and non-significant values of P MOCT , as a function of TEOAE SNR. Regardless of SSOAE status, statistically significant MOCR effects were infrequent for SNRs below 12 dB. Moreover, at SNRs below 12 dB in cases of absent SSOAEs, MOCR T % tended to be lower than the predicted minimum-detectable effect. Across the 42 occurrences where P MOCT was not statistically significant for TEOAEs lacking SSOAEs, the median SNR was 9.9 dB (95 % CI: [6.1, 20.7] 
DISCUSSION
The Prevalence of SSOAEs, TEOAEs and Statistically Significant MOCR Effects
Findings from the current study demonstrate that SSOAEs are prevalent in young-adult, normal-hearing females. All subjects had at least 1 SSOAE. The subject population was, however, homogenous in terms of racial composition (most, is not all, subjects were white). Jedrzejczak et al. (2008) similarly report 100 % prevalence of SSOAEs among normal-hearing females, albeit using a higher stimulus level (80 dB pSPL compared to 58 dB pSPL). The prevalence of SSOAEs in males appears to be less than in females. For instance, Sisto et al. (2001) reported 70 % of male subjects had at least one SSOAE. TEOAEs in the absence of SSOAEs were uncommon, at least between 0.75-5 kHz. Across the 24 subjects and 9 frequency bands, there were 176 instances of present TEOAEs. The TEOAE presented without an SSOAE only 34 % of the time. The higher prevalence of TEOAEs accompanied by SSOAEs may be attributed, in part, to the SNR advantage afforded by SSOAEs. Consistent with previous work (Kulawiec and Orlando 1995), TEOAE magnitudes and, by extension, SNRs were higher when an SSOAE was present. The SSOAE-SNR advantage is potentially desirable in TEOAE-based assays of the MOCR given the importance of using low stimulus levels. Specifically, transient stimuli are effective elicitors of the MOCR when presented at moderateto-high stimulus levels and fast repetition rates Boothalingam and Purcell 2015) . Activation of the MOCR by the OAE-evoking stimulus is not ideal since the difference in the TEOAE between Quiet and Noise conditions is reduced. For this reason, low-level stimuli are routinely used; however, a consequence is that TEOAEs may not be detectable in many ears due to reduced magnitudes and poorer SNRs. Indeed, the current findings demonstrate that when a TEOAE is detectable, it is more-often-than-not accompanied by an SSOAE.
Detectable (i.e., statistically significant) MOCinduced changes to TEOAEs unaccompanied by SSOAEs were also uncommon. Statistically significant MOC effects (based on the combined phase and magnitude change) were detected in only 29 % of cases where a SSOAE was absent, compared to 81 % of cases where a SSOAE was present. The lower prevalence of statistically significant MOCR effects in frequency bands lacking SSOAEs does not mean that the TEOAEs were less sensitive to efferent activation. Rather, the lower SNRs of the TEOAEs are hypothesized to preclude detection of statistically significant MOCR effects. The median SNR across TEOAEs that lacked SSOAEs and did not exhibit a statistically significant MOCR effect was nearly 10 dB. An MOCR T % of approximately 60 % is needed for detection when the SNR is 10 dB (see Fig. 6 ). A statistically significant MOCR T % equal to or greater than 60 % was observed only six times when TEOAEs were unaccompanied by SSOAEs.
SSOAEs are commonly cited as potential confounds in TEOAE-based assays of the efferent system (Marshall et al. 2014; Mertes and Goodman 2016; Mishra and Dinger 2016) . At least one study excluded TEOAEs from frequency bands where SSOAEs were present (Mishra and Dinger 2016). In the current study, exclusion of TEOAEs accompanied by SSOAEs would have resulted in discarding nearly 70 % of the data. Given the high prevalence of TEOAEs accompanied by SSOAEs, it is important to determine whether the presence of SSOAEs necessarily requires exclusion of the associated TEOAEs. One approach to answering this question is to compare MOCR effects between frequency bands with and without SSOAEs (e.g., Marshall et al. 2014). The pressure differences (P MOCT and P MOCM , in μPa) between TEOAEs measured in Quiet and Noise were higher for TEOAEs accompanied by SSOAEs. However, larger values of P MOCT and P MOCM are not necessarily an indicator of a stronger MOCR, as these metrics are highly correlated with emission magnitude (Backus and Guinan 2007) . Of course, the dependence of P MOCT and P MOCM on TEOAE magnitude does not necessarily invalidate their usefulness. Normative values of P MOCT and/or P MOCM for a given TEOAE magnitude could perhaps be established to determine whether the MOCR effect is abnormal. Alternatively, the dependence of these metrics on TEOAE magnitude may be removed by expressing the MOC-induced change relative to the magnitude of the TEOAE, i.e., MOCR% (Backus and Guinan 2007; Marshall et al. 2014; Mishra and Dinger 2016) . The measured MOCR% in frequency bands lacking SSOAEs fell within the range of MOCR% in frequency bands with SSOAEs (see Fig. 5 ). This observation is consistent with that reported by Marshall et al. (2014) and suggests that the presence of SSOAEs is not a confounding factor when measuring MOCinduced changes to TEOAEs.
The influence of SSOAEs on estimates of TEOAE latency during MOCR activation was not addressed in the current study. The MOCR-induced change to TEOAE latency is an area of interest as it provides an assay of top-down modulation of cochlear tuning (Francis and Guinan 2010; Shera et al. 2010; Mishra and Dinger 2016) . As mentioned in the Introduction, SSOAEs may potentially confound interpretation of TEOAE latency if the inter-stimulus interval is sufficiently short and the SSOAE contaminates the early time portion of the adjacent recording. It is worth noting that the current work utilized a longer interstimulus interval (159 ms), compared to that traditionally used in TEOAE-based MOCR assays (20-50 ms). Thus, contamination of the early time window by SSOAE energy was likely reduced.
Minimum Detectable MOC Effects With and Without SSOAEs
Based on the relationship between TEOAE SNR and minimum-detectable MOCR effect from Goodman et al. (2013) , it was hypothesized that the higher TEOAE SNRs associated with SSOAEs would permit detection of smaller MOCR effects. Indeed, as shown in Fig. 6 , it is theoretically possible to detect smaller MOC effects for TEOAEs associated with SSOAEs, compared to those without SSOAEs. The highest TEOAE SNR across frequency bands lacking SSOAEs was approximately 25 dB, compared to 34 dB across frequency bands with SSOAEs. The minimum detectable MOCR T % predicted for a SNR of 25 dB is approximately 15 %, compared to 7 % for a SNR of 34 dB (per the 1st-order exponential fit in Fig. 6 ).
The ability to detect small MOCR effects may be advantageous when investigating the influence of selective attention on cochlear processing. Multiple studies have found that both auditory and visual selective attention alter peripheral auditory responses, including the cochlear microphonic and compound action potential (Delano et al. 2007; León et al. 2012 ), TEOAEs (Puel et al. 1988 de Boer and Thornton 2007; Garinis et al. 2011; Smith and Cone 2015) , distortion-product (DP) OAEs Srinivasan et al. 2012; Wittekindt et al. 2014), and SFOAEs (Giard et al. 1994) . To evaluate top-down influences on the MOCR, the aforementioned OAE studies compared the OAE between conditions requiring varying degrees of attentional demands, either within a sensory modality (e.g., Garinis et al. 2011; Smith and Cone 2015) or across sensory modalities (e.g., de Boer and Thornton 2007; Smith et al. 2012; Wittekindt et al. 2014) . A common finding is that when a difference between conditions occurs, the size of the MOC effect is less than that when assayed using passive Quiet and Noise conditions (akin to those used in the current study). For instance, Garinis et al. (2011) report a difference in TEOAE amplitudes between passive-and active-listening conditions of 0.2 dB. In contrast, the difference associated with the MOCR (using a passive Quiet vs. Noise paradigm) was closer to 3 dB. Statistical analyses across these studies were also restricted to group data, as opposed to individual data. Although small, yet significant changes to the OAE associated with attention may be detected at the group level, detecting changes at the individual level may pose greater challenges unless measurement conditions (i.e., OAE SNR) are optimized. It is worth noting, however, that at least one study has reported no effect of selective attention (visual) on TEOAEs near frequencies of SSOAEs (Meric and Collet 1994) .
OAE-based assays of the auditory efferent system that are sensitive to small MOC effects may also be important when the goal is to identify changes in efferent function over time, whether due to maturational, aging or disease processes. An important consideration in determining the utility of OAE-based metrics of the MOC response is the normal variability of the response both within and across measurement sessions. Mertes and Goodman (2016) note that the variability of the MOCR effect measured using TEOAEs in frequency bands with SSOAEs is not significantly different from that for TEOAEs in frequency bands lacking SSOAEs.
Origin of the SSOAE-SNR Advantage
The current work defined the TEOAE as emission energy occurring within 20-ms post-stimulus; the SSOAE was defined as energy occurring later than 20-ms post-stimulus. Although these are common definitions (e.g., Keefe 2012; Mishra and Dinger 2016), they are somewhat arbitrary. Perhaps a more mechanistic definition of the TEOAE is emission energy that originates from the initial reflection of stimulus energy within the cochlea. This energy is predicted to present to the canal with latency that depends on the round-trip travel time between the canal and characteristic-frequency place (Shera et al. 2002 (Shera et al. , 2010 Shera and Guinan 2003) . The SSOAE may then be associated with emission energy that persists beyond the latency of the TEOAE, presumably arising through repeated intra-cochlear reflections between the oval window and characteristic-frequency place (Shera 2004). Shera et al. (2002) and Shera and Guinan (2003) model the relationship between SFOAE latency (τ, ms; in response to 40-dB SPL tones) and cochlear-frequency place (f, kHz) as
The parameters α and β are 0.37 and 11, respectively. When applied to low-level TEOAEs, which are thought to be generated through the same mechanism as low-level SFOAEs (Shera and Guinan 1999; Kalluri and Shera 2007), Eq. 5 predicts latency to decrease from approximately 14 ms at 0.75 kHz to 4 ms by 5 kHz. As such, an analysis window that extends to 20-ms post-stimulus will capture not only emission energy stemming from the initial cochlear reflection but also energy from repeated reflections, especially at higher frequencies. Figure 8a illustrates the presence of SSOAE energy within the initial 20-ms post-stimulus. In this graph, the 3.78-kHz band OAE waveform envelope (measured in quiet) is shown for a subject with an SSOAE. [The waveform was calculated via an inverse FFT (IFFT) of the 3.78-kHz 1/3 octave frequency band.] An amplitude peak occurred at approximately 6 ms, presumably associated with the initial reflection of stimulus energy occurring in the cochlea. Following the peak, emission amplitude decreased rapidly before achieving a steadystate level. The steady-state portion of the emission is associated with repeated internal cochlear reflections. Panel B shows the 3.78-kHz band OAE waveform envelope for a subject without an SSOAE. As for the subject with a SSOAE, an amplitude peak occurred around 6 ms. However, instead of persisting at a steady level across the remainder of the window, emission energy decayed across the duration of the time window, eventually falling into the noise floor.
The presence of SSOAE energy within the initial 20-ms post-stimulus explains, in part, the higher SNRs frequency bands with and without SSOAEs, respectively. Each panel shows the 3.78-kHz band emission waveform envelope measured in Quiet (solid line) and an estimate of the noise (shaded region). In both cases, the emission exhibits an amplitude peak around 6 ms (indicated by the inverted triangle marker). Following the amplitude peak, emission energy persists at a steady level throughout the duration of the analysis window for the subject with a SSOAE. In contrast, for the subject lacking a SSOAE, emission energy decayed into the noise floor within the 20-ms window. c Latencies of the emission's peak amplitude. Overlaid on the plot is the predicted relationship between SFOAE latency and frequency from Shera and Guinan (2003); see Eq. 5. d SNR advantage associated with present SSOAEs for different definitions of the TEOAE. The solid line indicates data for when the TEOAE is defined over a duration of 6 cycles re: latency of the peak amplitude. The broken line indicates data for when the TEOAE is defined based on the energy within an analysis window extending to 20-ms post-stimulus measured in frequency bands with SSOAEs. To demonstrate, the TEOAE was first redefined from the energy occurring within 20-ms post-stimulus to the energy within a time window spanning 6 cycles around the emission's peak amplitude (an IFFT transformed frequency-band-specific responses to the time domain). The rectangles overlaid in Fig. 8a , b illustrate the new TEOAE analysis window. Constraining the time window to a narrow range around the emission peak eliminates contributions from slow-decaying/non-decaying OAE energy. Figure 8c shows the latencies of the emission amplitude peaks in cases of present and absent SSOAEs. Overlaid on the plot are the predicted latencies for lowlevel SFOAEs (Eq. 5). Latencies were similar regardless of SSOAE status and decreased with increasing frequency. The frequency dependence mirrors that predicted from SFOAEs, although the latencies are slightly longer. The SNR difference between the redefined TEOAE in frequency bands with and without SSOAEs was then compared to that calculated using the original 20-ms TEOAE analysis window.
In Fig. 8d , the differences in the median SNRs between frequency bands with and without SSOAEs are compared across the two TEOAE definitions. Except for the 0.75-kHz band, an SSOAE-SNR advantage (i.e., higher SNR for present SSOAEs) was observed at all frequencies, regardless of TEOAE definition. However, for frequencies above 1.5 kHz, the SSOAE-SNR advantage was larger when the TEOAE was defined as energy within 20-ms poststimulus. This observation is consistent with the examples shown in Fig. 8a, b . In the case of present SSOAEs (Fig. 8a) , inclusion of the waveform through 20-ms post-stimulus is advantageous since high-level emission energy is present. In contrast, when SSOAEs are absent, inclusion of the waveform beyond the peak amplitude of the emission effectively reduces the relative contribution of the high-SNR peak-amplitude region to the overall SNR. Interestingly, a larger SSOAE-SNR advantage was observed for the TEOAE defined relative to the peak amplitude at frequencies below 1.89 kHz (with the exception of the 0.75-kHz band). Below 1.89 kHz, latencies (Fig. 8c) were often later than 10 ms. Assuming the inter-stimulus interval of 159 ms was sufficient to permit significant decay of SSOAEs, the initial 10 ms of the original TEOAE analysis window was likely dominated by noise energy. The inclusion of this energy in the 20-ms TEOAE window would have resulted in lower SNRs and a smaller SSOAE-SNR advantage.
The observations from Fig. 8 raise the question: What is the ideal analysis window in TEOAE-based assays of the MOCR? In cases where a SSOAE is not present, it makes sense to use an analysis window narrowly defined around the TEOAE, as a broader time window would simply increase the relative amount of noise. However, when a SSOAE is present, it may be advantageous to extend the analysis window to include the SSOAE. SSOAEs (as well as SOAEs) are affected by activation of the MOCR and may themselves be useful tools to evaluate the integrity/ function of the system (Mott et al. 1989; Meric and Collet 1994; Zhao and Dhar 2010; Dewey et al. 2014) .
